Introduction {#Sec1}
============

Most of the existing knowledge about the cerebral control of gait in mammals comes from studies in cats and rodents ([@CR1]; [@CR16]; [@CR39]). This work indicates that gait is regulated by cortical and subcortical structures, in particular during locomotion that requires accurate visuomotor coordination. However, it is unclear to what extent these findings can be extended to the voluntary control of human gait. Here we review recent developments on the cerebral bases of gait in humans, developments made possible by using different non-invasive neuroimaging techniques, both in healthy subjects and in clinical populations with gait disturbances.

Neuroimaging of gait is not straightforward. For instance, structural neuroimaging of patients with gait disorders has provided limited insights, given that cerebral lesions causing higher-level gait disorders are typically multiple, or diffuse ([@CR30]). In addition, functional neuroimaging poses practical problems, since techniques like positron emission tomography (PET), functional magnetic resonance imaging (fMRI) and electroencephalography (EEG) require that subjects do not move their head during the sampling of task-related cerebral activity. These problems have been overcome by developing alternative neuroimaging techniques that allow for recording of cerebral activity during actual gait; by recording cerebral activity during motor planning of walking prior to walking initiation; by using tasks that share some cerebral processes with gait, without the need to engage in actual gait (like motor imagery of gait, or repetitive foot movements); and by recording cerebral activity in patients with gait disorders during rest.

We will discuss how functional neuroimaging has contributed to the understanding of human gait control, in both healthy subjects and --- as an example of a common neurodegenerative disease characterized by gait difficulties --- patients with Parkinson's disease. We describe the different approaches that have been used and the methodological issues involved in these different approaches. Our goal is to provide a critical review of the available literature, and to emphasize that simply listing the various cortical and subcortical structures associated with the neural control of gait (for a recent related review see [@CR22]) will likely remain a sterile enterprise if these structures are not understood at the system level, i.e. by means of explicit and formal computational models ([@CR21]).

Functional neuroimaging of gait in healthy subjects {#Sec2}
===================================================

Gait performance {#Sec3}
----------------

An obvious approach that has been used to examine the neural control of gait in healthy subjects is to record cerebral activity during physical gait performance. An advantage of this approach is that cerebral activity is directly related to actual walking. However, there are also considerable disadvantages: studying a walking person does not allow for discriminating whether the evoked activity is due to sensory input or motor output, and only a limited number of neuroimaging techniques can be used (because of movement artefacts).

A few neuroimaging techniques are available that can assess cerebral activity during actual gait. To date, these involve nuclear neuroimaging techniques, near-infrared spectroscopy (NIRS) and transcranial magnetic stimulation (TMS --- see Table [1](#Tab1){ref-type="table"}). Nuclear neuroimaging techniques allow for recording of cerebral activity during gait by separating in time task performance from image acquisition. For example, single photon emission tomography with technetium-99m-hexamethyl-propyleneamine oxime (\[^99m^\[Tc\]HM-PAO SPECT) records cerebral activity during walking by injecting radioactively labeled HM-PAO during locomotion, and recording cerebral activity afterwards with SPECT. When radioactively labeled HM-PAO is injected intravenously during gait, it is rapidly distributed in the brain in proportion to regional cerebral blood flow and retained in the brain for hours. Therefore, the distribution of HM-PAO at the time of scanning reflects the pattern of cerebral perfusion at the time of injection. [@CR19] used this approach to map cerebral activity during walking, and showed that during gait cerebral activity increased in the supplementary motor area (SMA), medial primary sensorimotor area, striatum, cerebellar vermis and visual cortex. This was the first study to show changes in cortical activity during walking in human subjects. A later study by the same group demonstrated that the cerebral activity during walking is not only observed in cortical and subcortical structures, but also in the dorsal brainstem ([@CR24]). This finding is important, because it is one of the few observations suggesting the presence of brainstem locomotor centres in humans. However, given the limitations of SPECT, gait-related cerebral activity could only be compared with a physical rest condition (lying down with eyes open) in both studies. This raises the issue of whether those cerebral changes are specifically related to gait, over and above changes in somatosensory feedback from the lower limbs between gait and rest. Table 1Approaches used to examine the neural control of human gait in healthy subjectsTaskNeuroimaging techniquesExaminesGait performanceHMPAO-SPECTMotor executionNIRS, TMSMotor executionGait initiationEEGMotor planningMotor imagery of gaitNIRS, fMRI, H~2~^15^O-PETMotor planningRepetitive foot movementsNIRS, fMRI, H~2~^15^O-PETMotor execution*EEG* Electro-encephalography; *fMRI* functional magnetic resonance imaging; *NIRS* near-infrared spectroscopy; *PET* positron emission tomography SPECT single photon emission tomography; *TMS* transcranial magnetic stimulation.

Another technique that allows for recording of cerebral activity during actual gait is NIRS. NIRS records the transmission and absorption of NIR light by human tissue. The skull does not absorb much infrared light, and therefore NIRS can be used to measure the levels of oxygenated, deoxygenated and total hemoglobin related to neural activity in superficial cortical areas. The optodes of NIR systems are fixed to the skull, and therefore head movements are allowed during measurement. Cerebral activity can be assessed while subjects are walking on a treadmill. NIRS has several advantages compared to HM-PAO SPECT: it does not involve a radio-active tracer, it has a better temporal resolution, and it allows for comparing several conditions. For instance, using NIRS, [@CR33] were able to compare cerebral activities evoked during gait, alternating foot movements, arm swing, and motor imagery of gait. Gait-related responses along the central sulcus were medial and caudal to activity associated with arm swing, in agreement with the known somatotopic organization of the motor cortex. Crucially, these authors showed that walking increased cerebral activity bilaterally in the medial primary sensori-motor cortices and the SMA, and to a greater extent than the alternation of foot movements. Unfortunately, the spatial distribution and intensity of these responses were not statistically compared. In a different NIRS study, [@CR45] examined the effect of different walking speeds on cerebral activity. They demonstrated that cerebral activity in the prefrontal cortex and premotor cortex tended to increase as locomotor speed increased, whereas cerebral activity in the medial sensori-motor cortex was not influenced by locomotor speed. In summary, NIRS has been particularly useful for studying the cortical bases of locomotor control. Unfortunately, given the limited penetration of infrared light (a few centimeters from the skull surface), this technique can only assess the responses of the most superficial portions of the cerebral cortex.

A third technique that has been used to examine the neural substrate of gait during actual walking is TMS. TMS is a noninvasive method to excite neurons in the brain. If TMS is applied to the primary motor cortex, it can evoke muscle activity which can be recorded using electromyography. TMS has been useful to examine the contribution of the corticospinal tract to the control of gait (see e.g. ([@CR43]; [@CR8]; [@CR36]; [@CR6]). However, given that the use of this technique has been circumscribed to the corticospinal tract, we will not discuss it at length.

Gait initiation {#Sec4}
---------------

Recording of EEG during walking is challenging due to movement artefacts. However, some authors have been able to record electrical activity with scalp electrodes prior to or during gait initiation ([@CR47]; [@CR15]). This approach has great advantages, since it provides a direct measure of electrophysiological activity in the brain at high temporal resolution. In addition, there are only minimal confounds of changes in sensory input, because the recording is performed prior to the onset of movement. For instance, [@CR47] examined EEG in a period immediately preceding gait initiation, when subjects had just received an auditory stimulus and were waiting for a second auditory stimulus in response to which they were asked to initiate gait as quickly as possible. They found stronger event-related potentials (contigent negative variation) in the medial central region (Cz) when comparing EEG activity preceding externally-cued gait initiation with activity preceding foot dorsiflexion. This EEG difference indicates that the medial frontal cortex, over and above its role in initiating a simple foot movement, supports the initiation of gait, presumably through the synchronized activity of a large number of dendritic trees ([@CR28]). However, given the low spatial resolution of this technique, it remains to be seen from which portion of the medial frontal cortex this activity is generated from.

Motor imagery of gait {#Sec5}
---------------------

Given the plethora of technical problems and limitations associated with assessing the cerebral bases of true gait control, several research groups have chosen to focus their efforts on the more tractable aspects. Accordingly, some studies have investigated motor imagery of gait, i.e. the mental simulation of gait without actual execution ([@CR33]; [@CR29]; [@CR25]; [@CR41]). This approach exploits the documented neural and cognitive overlap between movement planning and motor imagery: imagining a movement relies on neural processes similar to those evoked during actual performance of the same movement ([@CR27]; [@CR44]; [@CR38]; [@CR40]; [@CR13]). Although most of the evidence for this cerebral overlap between simulation and execution of a movement has been obtained from finger and hand movements, [@CR33] combined fMRI and NIRS measurements to show a degree of overlap between actual and imagined gait. Using motor imagery to study the cerebral correlates of gait provides considerable practical advantages, since motor imagery does not involve any actual movements, and it can be studied in a recumbent position compatible with techniques like fMRI and PET. This is important, since these techniques provide relatively high spatial resolution and whole-brain coverage. Furthermore, there are also conceptual advantages in using motor imagery. It has been argued that the internal simulation of an action, as evoked during motor imagery, constitutes the core element of a motor plan ([@CR26]). Furthermore, motor imagery allows one to study cognitive and cerebral properties of movement representations independently from motor output and sensory feedback ([@CR10]). However, the latter is true insofar subjects are genuinely involved in a motor simulation, i.e. they imagine *themselves* moving, rather than using visual imagery of someone else moving, or visual imagery of the visuospatial processes involved in walking. Given the fact that gait is a learned automatic movement, it might be particularly difficult to voluntarily imagine the movements involved in walking. For instance, when subjects are trained to focus their attention on the movements of their legs by means of basic tango lessons and motor imagery of the performed steps, there is an expansion of activity in the bilateral motor areas, and a reduction of visuospatial activation in the right posterior cerebral cortex during motor imagery of gait performed after this training compared to before the training ([@CR41]). These findings suggest that focusing subject's attention on the movements involved in walking decreases the role of visual imagery processes in favor of motorkinesthetic ones. Therefore, when using motor imagery to study gait, it becomes particularly important to use tasks that allows for monitoring subjects' performance and prove their engagement in first person motor imagery ([@CR26]).

Motor imagery of gait has been examined using NIRS fMRI and H~2~^15^O-PET (see Table [1](#Tab1){ref-type="table"}). [@CR29] used H~2~^15^O-PET to compare cerebral activity evoked during motor imagery of standing, initiating gait, walking, and walking with obstacles. Prior to the experiment, subjects were shown a video of each imagery condition. The video was taken from a first person perspective to facilitate first person motor imagery and to standardize imagined walking speed. During PET scans, subjects were asked to imagine the different movements, from a first person perspective and with their eyes closed. Motor imagery of walking increased cerebral activity in the pre-SMA when compared to imagined standing, and in the left visual cortex and caudate nucleus when compared to imagery of gait initiation. Comparing motor imagery of walking with or without obstacles increased cerebral activity in the precuneus bilaterally, the left SMA, the right parietal inferior cortex and the left parahippocampal gyrus. These results are important, since they are the first to illustrate that the circuitry supporting gait can extend beyond core motor regions, and it can be modulated by the difficulty of the (imagined) locomotor task. Prior to scanning, imagery performance was monitored using a chronometry test and a questionnaire, which both suggested that subjects were able to perform motor imagery. However, during scanning imagery performance was monitored through its effect on heart rate, and this parameter cannot easily distinguish between the effects of performing visual or motor imagery. Therefore, although the chronometry test and questionnaire suggests that subjects were able to perform first person motor imagery prior to the experiment, it remains unclear whether the effects reported in this study are related to cognitive modulations of gait-related cerebral activity, or to inter-subject variations in imagery performance.

In another study, [@CR25] compared cerebral activity during motor imagery of standing, walking and running using fMRI. To induce first person motor imagery and to standardize motor imagery performance, subjects were trained to perform the actual movements on a basement floor prior to the imagery experiment. During motor imagery, subjects closed their eyes and imagined performing the same movements from a first person perspective. However, there was no behavioral quantification of imagery performance. Cerebellar activation increased during motor imagery of running but not during motor imagery of walking and standing. Vestibular and somatosensory cortex were deactivated during running but not during walking. These findings suggest that speed of gait is under the control of a cerebellar locomotor centre, and that cortical processing of vestibular and somatosensory information is particularly important during walking. Unfortunately, the between-tasks differences in cerebral activity were not formally tested, thus no clear inference can be drawn about the involvement of these structures in the different locomotor tasks.

In our laboratory, we have also investigated the cerebral bases of gait control by using fMRI in conjunction with an imagery task ([@CR2]). We have built upon the studies described in this review, providing an objective quantification of first-person motor imagery during the fMRI scan. We have manipulated both the type of imagery evoked by the task settings (motor or visual imagery) and the task difficulty. Subjects were presented with photographs of walking trajectories taken from a first person perspective. The photographs showed a corridor with a white path (Fig. [1](#Fig1){ref-type="fig"}). The path could have two different widths (9 and 27 cm), and five different distances (2, 4, 6, 8 and 10 m). During the imagery of gait trials, the subjects were asked to imagine walking along the path. During a control visual imagery task, the subjects were asked to imagine seeing a small disk moving along the path. In both cases, subjects reported the onset and the offset of the imagined movement by pressing a button. This procedure allowed us to quantify imagery time (i.e. the time between the two button presses) on a trial-by-trial basis, and during the acquisition of the fMR images. The task allowed us to verify that the subjects were engaged in imagery. This could be done by testing whether imagined movement times increased as a function of walking trajectory length. Crucially, we could also verify that the subjects were specifically engaged in motor imagery of gait. This could be done by testing whether imagined movement times increased as a function of path width during the motor imagery trials, and not in the visual imagery trials. The assumption here is that motor imagery should be sensitive to the biomechanical constraints imposed by a narrow walking path that allows only for positioning one foot at a time on the path. We found that imagery time increased with increasing movement distance and decreasing path width ([@CR2]). During visual imagery trials, imagery time increased with distance, but not with path width. In other words, during imagery of gait only, there was an inverse and logarithmic relationship between movement difficulty and imagined movement time \[Fitts' law, ([@CR18])\]. This result strongly suggests that the subjects (as a group) were using first person motor imagery. However, we cannot completely exclude that some subjects may have used explicit knowledge about the time it takes to execute the movements to solve the task. In cerebral terms, we found that activity increased bilaterally in the superior parietal lobule and in the right superior middle occipital gyrus during motor imagery of gait involving a narrow path (Fig. [1](#Fig1){ref-type="fig"}). This finding indicates that the increased spatial accuracy and sensorimotor integration required to walk along a narrow path is supported by cortical structures outside primary motor regions. Fig. 1**a**) Examples of photographs of broad (left) or narrow (right) walking trajectories presented to the subjects during the motor imagery (*MI*) experiment. **b**) Statistical parametric map (*p*\<0.05 family wise error (*FWE*) corrected for multiple comparisons) showing increased cerebral activity bilaterally in the superior parietal lobule and in the right superior middle occipital gyrus during MI along a narrow path (compared to MI along a broad path), superimposed on a rendered brain viewed from the top. **c**) Beta weights (mean ± sem) of the left superior parietal lobule (−16, −50, 64) for the broad and narrow path, separate for motor imagery and visual imagery (*VI*)

Repetitive leg or foot movements {#Sec6}
--------------------------------

A further approach to asses the cerebral bases of gait control is to examine repetitive leg or foot movements, as a surrogate for gait. The rationale is that these movements are thought to rely on partly similar neural processes as those used during walking. For example, alternating foot flexion-extension movements and bicycling movements require internal pacing and interlimb coordination, mechanisms that are also required during gait. [@CR33] combined NIRS and fMRI and showed that foot-extension flexion movements indeed generate a similar brain activation pattern to that associated with walking. Using foot or leg movements to study the cerebral correlates of gait provides considerable practical advantages, since these movements can be performed with minimal movements of the head, and in a recumbent position. Another advantage is that voluntary foot or leg movements can be matched with similar passive movements, and this procedure allows one to dissociate responses to somatosensory input from the volitional aspects of the task ([@CR32]). However, the relationship between lower limb movements and gait is limited. Leg or foot movements do not allow for examining the way in which several important features of gait (such as the upright stance, truncal control and co-innervation of gluteal and leg muscles) are controlled. Therefore, it remains to be established to what extent the motor control of repetitive foot or leg movements has cerebral analogies with the motor control of gait.

Repetitive foot movements have been investigated using NIRS, fMRI and H~2~^15^O-PET (see Table [1](#Tab1){ref-type="table"}). The group of Sahyoun used fMRI to compare active versus passive unilateral foot extension-flexion movements and found that during active compared to passive foot movements cerebral activity increased in the somatosensory cortex, SMA, cingulate motor area, secondary somatosensory cortex, insular cortices, putamen, thalamus and cerebellum ([@CR42]). This suggests that both cortical and subcortical structures are involved in the motor control of rhythmic foot movements. In another study, [@CR9] examined cerebral activity during antiphase flexion and extension movements of the two upper and the two lower limbs using H~2~^15^O-PET. They hypothesized that a common neural circuitry would be involved in antiphase movement, independently of whether they would be performed with the two upper or lower limbs. For both the arms and legs, cerebral activations related to antiphase movements were distributed over the right anterior parietal and right dorsal premotor cortex, suggesting that these structures support the sensorimotor integration required for antiphase movements. However, it is important to realize that controlling flexion-extensions of the foot is much simpler than controlling gait. For example, gait involves the coordination between a large number of body parts, and the integration of vestibular, visual, and somatosensory signals. A particularly delicate element of gait is the precise inter-limb timing ([@CR37]), and this will be difficult to mimick using repetive foot movements, even when performed alternatingly in both feet.

The issue of inter-limb timing can perhaps be addressed by studying bicycle movements. Indeed, [@CR7] used such bicycle movements to exactly matched active and passive movements, while addressing inter-limb coordinations. Using H~2~^15^O-PET, they found that both passive and active bicycling increased cerebral activity bilaterally in primary sensorimotor cortices, SMA, and the anterior part of the cerebellum. When passive bicycling was subtracted from active bicycling, significant activation was found in the leg area of the primary motor cortex and the precuneus. These findings suggest that there is a significant cerebral involvement in the motor control of rhythmic motor tasks such as bicycling. However, given that it was quite difficult for subjects to remain absolutely relaxed during passive bicycle movement, some of the activity observed during the passive movements might be due to unwanted muscular activity. More importantly, it is unlikely that the cerebral network involved in the motor control of bicycling is confined to the primary motor cortex and precuneus.

Functional neuroimaging of gait in Parkinson's disease {#Sec7}
======================================================

Insufficient knowledge of underlying gait mechanisms not only exists for healthy subjects, but also for patients with gait disturbances of a central neural origin, like patients with Parkinson's disease (PD). Gait disturbance in PD is thought to originate, at least in part, from nigrostriatal dopamine deficiency, that in turn alters the basal gangliabrainstem circuits and the basal ganglia-thalamo-cortical systems ([@CR5]). The precise pathophysiological mechanism, however, needs to be elucidated.

Gait performance in PD {#Sec8}
----------------------

A first approach that has been used to examine the neural control of gait in patients with PD is to measure cerebral activity during gait performance and to compare it with that measured during gait performance of healthy subjects. An advantage of this approach is that cerebral activity is directly related to gait performance. However, this advantage should be weighted against the intricacies of matching both performance and task difficulty across patients and control groups.

Actual gait in PD has been investigated using HMPAO-SPECT and DAT-PET (see Table [2](#Tab2){ref-type="table"}). The group of [@CR24] has described two studies using HM-PAO-SPECT comparing regional cerebral blood flow during treadmill walking. In the first study, they compared mildly to moderately impaired PD patients with agematched healthy controls, while walking at the same speed on a treadmill. The PD patients showed a relative decrease in brain activity in the left medial frontal lobe, right precuneus and left cerebellar hemisphere. In contrast there was an increased cerebral blood flow in the cerebellar vermis, right insula, left temporal cortex and left cingulate gyrus. The reduced brain perfusion in the frontal motor areas fits with similar results obtained during arm and finger movements ([@CR4]), pointing to a systematic alteration of activity in this region during motor performance in PD patients. The overactivity in the cerebellar vermis in combination with an underactivity in the cerebellar hemisphere might be associated with a loss of lateral gravity shift in PD. Table 2Approaches used to examine the neural control of gait in patients with Parkinson's diseaseTaskNeuroimaging techniquesExaminesGait performanceHMPAO-SPECT, DAT-PETMotor executionGait initiationEEGMotor planning RestRestIMP-SPECT, Xenon-SPECT, FDG-PET, FDOPA-PETRest*SPECT* Single photon emission tomography; *EEG* electro-encephalography; *PET* positron emission tomography.

The same group performed a follow-up study, investigating the effects of visual cuing on gait in PD patients. It is known that visual cues can help PD patients to overcome gait disturbances, especially freezing ([@CR5]). Accordingly, [@CR23] applied transverse or parallel white lines to the walking surface of a treadmill. Gait abnormality in PD patients was ameliorated in the transverse line situation. The authors compared brain activity evoked during gait in the transverse line condition and in the parallel line condition. In both controls and PD patients, there were increased responses in the posterior parietal cortex and cerebellar hemispheres during gait in the transverse line condition. Crucially, the premotor area activation was significantly greater for PD patients than for controls, suggesting that this region may be involved in visuomotor control of gait in patients with a "paradoxical" (externally cued) gait. However, it remains unclear whether these results were influenced by residual difference in performance between the two groups. Despite the use of a treadmill, task performance was not completely matched between patients and controls. More generally, one might wonder whether cerebral activity associated with the forced locomotion evoked on a treadmill is comparable to that evoked during spontaneous gait, or to parkinsonian gait.

It might be argued that a meaningful approach to the cerebral correlates of gait disturbances in PD patients should directly consider the modulatory effects of dopaminergic activity in the basal ganglia on the motor system. Accordingly, Ouchi et al. investigated changes in dopamine transporter (DAT) availability during standing and during gait in unmedicated PD patients and in normal subjects ([@CR35]). Subjects underwent two serial PET scans (\[^11^C\]CFT-PET). The second scan was performed after tracer injection and a subsequent walk of 50 min. Participants walked at their own pace along a white line in the corridor back and forth. Normal subjects were requested to walk more slowly. Stride length and cadence were not significantly different between PD patients and controls. The latter group showed a significant reduction of \[^11^C\]CFT uptake during gait in both the putamen and in the caudate. PD patients showed a similar reduction of \[^11^C\]CFT uptake in the caudate (and orbitofrontal cortex), but not in the putamen. This study points to alterations in the availability of DAT in the medial striatum as a source of pathophysiological changes in gait performance in PD patients. However, the specificity of these effects remains to be tested, given that changes in local regional blood flow during exercise may affect levels of tracer binding. Furthermore, PD patients showed difficulties while turning at each end of the corridor, suggesting that there might have been residual differences in task difficulty between patients and controls.

Gait initiation in PD {#Sec9}
---------------------

One study by the group of Vidailhet has investigated the initiation of gait in PD by means of the Bereitschaftspotential (BP) using EEG ([@CR46]). The BP is a movement-related potential, with two main components; an early one (BP1) lasting from about 1.2 to 0.5 sec before movement onset, and a late component (BP2) shortly (0.5 sec) before movement onset ([@CR11]). The BP is an electrical sign of participation of the SMA prior to volitional movement ([@CR12]). Vidailhet et al. found that PD patients showed little change in either early or late components of the BP between foot dorsiflexion and stepping tasks. In contrast, controls subjects showed a larger peak in the early BP phase before a stepping movement than preceding a voluntary dorsiflexion. Distribution of the BP was most conspicuous over midline scalp positions (Fz, Cz), but also ipsilaterally (P4, posterior parietal) to the foot movement ([@CR46]). The altered activity over medial frontal motor areas fits the imaging results obtained during actual gait ([@CR24]), emphasizing that PD patients have altered motor planning activity well in advance of gait execution.

Baseline perfusion in PD {#Sec10}
------------------------

Under the assumption that pathological alterations in brain activity are likely to be present not only during task performance but also during rest, some authors have examined baseline cerebral perfusion to investigate the cerebral bases of altered neural correlates of gait control in PD patients. This approach has the considerable advantage of perfectly matched "performance" across different subject groups. However, when using this approach to compare gait problems between two different groups of subjects, it is important to closely match the different groups. In the ideal situation, the only difference between the different subject groups would be their gait problems, and this is difficult to achieve in practice where gait is closely related to other relevant variables such as disease severity and disease duration. In PD, baseline perfusion has been used to examine freezing problems in patients with Parkinson's disease, and to examine the effects of gait training.

Freezing of gait is a unique and extremely debilitating symptom of PD, with an unknown pathophysiological mechanism. There have been a few studies that tried to localize the altered cerebral activity associated with freezing. Using ^123^I-IMP-SPECT, [@CR31] compared cerebral activity in PD patients with and without freezing, at comparable clinical stages of the disease. SPECT scanning was performed in a supine condition, at rest. Perfusion of the orbitofrontal area (Brodmann area 11) in the freezing of gait group was decreased, as compared to the non-freezing group. Another study has addressed this issue, but [@CR17], using ^133^Xenon-SPECT in patients with PD and severe "off" freezing, could not find any specific effect in the orbitofrontal area. Finally, [@CR3] addressed this issue using better spatial resolution than the previous studies. 2-deoxy-2\[^18^F\]fluoro-D-glucose-PET (FDG-PET) and ^18^\[F\]-6-fluoro-levodopa (FDOPA)-PET was used to compare striatum decarboxylase activity in two groups of PD patients with and without freezing of gait. Lower putaminal FDOPA uptake with increased FDG uptake was observed in freezing PD patients, whereas caudate uptake of both FDG and FDOPA was reduced. Furthermore, in freezing patients a decreased FDG uptake was found in the parietal cortices. This last study, did not show differences in the frontal lobe. Taken together, these studies suggest that medial frontal and basal ganglia might be altered in PD patients with freezing of gait, but at the moment the consistency of the results prevents any clear inference.

Finally, imaging techniques have been recently used to assess the effect of a gait rehabilitation program in PD patients. [@CR14] recorded baseline cerebral perfusion with FDG-PET in PD patients that walked with or without rhythmic auditory cues. The measurements were made before and after 4 weeks of a rehabilitation program based on auditory cues, aimed at minimizing the temporal variability of gait. The rationale for using this program was that PD patients depend strongly on external cues, both visual and auditory, to initiate or maintain walking. Before therapy, PD patients showed a significant hypometabolism in the right parietal lobe, temporal lobes, and left frontal lobe. Hypermetabolism was found in the left cerebellum. After therapy a significant increment of metabolism was found in the right cerebellum, right parietal lobe and temporal lobes, combined with a decrement of temporal variability during gait. This study shows training-related changes both in behavior and cerebral glucose metabolism. However, it remains to be seen whether the cerebral changes are specifically related with clinical improvements across a large number of patients.

Conclusion {#Sec11}
==========

In this review we have illustrated how functional neuroimaging techniques have been used to obtain information about the cerebral bases of gait control in healthy subjects, and about gait disturbances in patients with PD. Taken together, these studies have shown that the medial aspect of the motor cortex, controlling the lower limbs, can be modulated by different portions of the motor system, from posterior parietal cortex to the basal ganglia and the cerebellum. The basal ganglia-thalamo-cortical system presumably plays a major role in gait disorders in patients with PD.

In the clinical domain, given that several aspects of gait disturbances seem to be related to motor planning and rhythmic pacing, rather than motor execution per se, it appears reasonable to use motor imagery of gait and repetitive foot movements in patients with disorders such as PD. Using these approaches might also open the possibility to use other techniques, like magnetoencephalography (MEG) and TMS, which provide direct measures of neural activity at high temporal resolution. More importantly, these techniques would allow one to investigate cerebral *circuits* supporting gait, rather than a collection of brain regions showing altered metabolism related to gait. The time seems ripe for assembling these scattered observations into a coherent computational model of gait control in humans, able to generate testable predictions. Up to now computational models on the neural control of gait have mainly focused on how the central pattern generators coordinate walking movements ([@CR21]). We think it would be useful to start developing computational models that focus on how cortical and subcortical structures are involved in visuomotor control during walking. Such models have already been used to examine the cerebral circuits underlying visuomotor control of arm movements (see for example ([@CR20]; [@CR34]). The findings of the studies reviewed in this paper might serve as a basis for developing such computational models.
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